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SEPARATION OF REACTIVE CELLULOSE
FROM LIGNOCELLULOSIC BIOMASS WITH
HIGH LIGNIN CONTENT

CROSS REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of priority of U.S. Pro-
visional Patent Application No. 61/172,048 filed Apr. 23,

2009, the contents of which 1s incorporated herein by refer-
ence.

FIELD OF THE INVENTION

The 1mvention relates to a process for fractionating ligno-
cellulosic biomass. In particular, the invention relates to a
process for fractionating lignocellulosic biomass into three or
more components, specifically cellulose, hemicellulose, lig-
nin and other minor constituents of the biomass present in
smaller amounts.

BACKGROUND AND DESCRIPTION OF PRIOR
ART

There 1s a growing demand for transportation fuels made
from renewable feedstocks. These renewable fuels displace
tossil fuels resulting in a reduction of greenhouse gas emis-
s1ons, along with other benefits.

In North America fuel ethanol 1s the major transportation
tuel. The feedstock for fuel ethanol in North America is
primarily corn. Corn contains starch which 1s hydrolysed to
glucose and then fermented to ethanol. In other countries,
such as Brazil, fuel ethanol 1s made by fermenting the sugar in
sugar cane. It 1s advantageous to have an additional source of
sugars like glucose to make additional Biofuels.

At the other end of the spectrum of difficulty 1s cellulose.
Cellulose 1s one of the most abundant organic materials on
carth. It 1s present 1n many forms of biomass, including agri-
cultural residues like corn Stover and corncobs, woody resi-
dues and other plant materials. Cellulose 1s a polymer of
glucose, as 1s starch.

This invention 1s specifically targeting the highest lignin
content materials to produce pure reactive cellulose of value
on its own or as a lfeedstock that i1s easily hydrolysed to
glucose and subsequently fermented to valuable product such
as biofuels. Purified cellulose components are valuable for
many purposes. Specifically, when purified, 1t may be more
casily hydrolysed to glucose, which 1 turn may be more
casily fermented to ethanol than 1n previous processes.

Lignocellulosic biomass 1s composed of three primary
polymers that make up plant cell walls: Cellulose, hemicel-
lulose, and lignin. Cellulose fibers are locked into a ngid
structure of hemicellulose and lignin. Lignin and hemicellu-
loses form chemically linked complexes that bind water
soluble hemicelluloses into a three dimensional array,
cemented together by lignin. Lignin covers the cellulose
microfibrils and protects them from enzymatic and chemical
degradation. These polymers provide plant cell walls with
strength and resistance to degradation, which makes ligno-
cellulosic biomass a challenge to use as substrate for biotuel
production.

Among the potential lignocellulosic feedstocks there 1s a
range of lignin contents. Corncobs have a low lignin content
(6%-8%), while woody crops have a medium lignin content
of 10%-15%. Wood residues have even higher lignin content

(20% to 30%)
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Cellulose or p-1-4-glucan 1s a linear polysaccharide poly-

mer of glucose made of cellobiose units. The cellulose chains
are packed by hydrogen bonds 1n microfibrils. These fibrils
are attached to each other by hemicelluloses, amorphous
polymers of different sugars and covered by lignin. Hemicel-
lulose 1s a physical barrier which surrounds the cellulose
fibers and protects cellulose against degradation. Lignin 1s a
very complex molecule constructed of phenylpropane units
linked 1n a three dimensional structure which 1s particularly
difficult to biodegrade. Ligmin 1s the most recalcitrant com-
ponent of the plant cell wall. There are chemical bonds
between lignin, hemicellulose and cellulose polymers. Thus,
it 1s desirable to use a lignocellulosic teedstock which 1s low
in hemicellulose and lignin. There 1s evidence that the higher
the proportion of lignin, the higher the resistance to chemical
and biological hydrolysis. Pretreatment methods for the pro-
duction of fermentable sugars from Miscanthus showed the
existence of an inverse relationship between lignin content
and the efficiency of enzymatic hydrolysis of sugars based
polymers. Lignocellulosic microfibrils are associated in the
form of macrofibrils. This complicated structure and the pres-
ence ol lignin provide plant cell walls with strength and
resistance to degradation, which also makes these materials a
challenge to use as substrates for biofuel and bioproduct
production. Thus, proper preparation and pretreatment 1s nec-
essary to produce cellulose that 1s relatively pure and reacts
well with catalyst such as enzymes.
The best method and conditions of pretreatment will vary
and depend greatly on the type of lignocellulosic material
used. Cellulose-lignin ratio 1s the main factor. Other param-
cters to consider are cellulose accessible surface area, degree
of polymerization, crystallinity and degree of acetylation of
hemicelluloses. An effective pretreatment should meet the
following requirements: (a) production of pure reactive cel-
lulosic fiber e.g. susceptible to enzymatic hydrolysis, (b)
avolding destruction of cellulose and hemicelluloses, and (c)
avoiding formation of possible inhibitors for hydrolytic
enzymes and fermenting microorganisms.

Several methods have been investigated for pretreatment of
lignocellulosic materials to produce reactive cellulose. These
methods are classified into physical pretreatments, biological
pretreatments and physicochemical pretreatments. Physical
and biological methods alone are not suilicient. Pretreatments
that combine both chemical and physical processes are
referred to as physicochemical processes. These methods are
among the most effective and include the most promising
processes for industrial applications. Lignin removal and
hemicellulose hydrolysis are often nearly complete. Increase
in cellulose surface area, decrease in cellulose degrees of
polymerization and crystallinity greatly increase overall cel-
lulose reactivity. Treatment rates are usually rapid. The steam
explosion process 1s well documented. Batch and continuous
processes were tested at laboratory and pilot scale by several
research groups and companies. In steam explosion pretreat-
ment, high pressure and hence high temperatures are used i.¢.
160° C. to 260° C. for 1 min to 20 min. The pressure is
suddenly reduced, which explosive decompression leads to
an explosive decomposition of the matenals, leading to
defibrization of the lignocellulosic fibers.

Steam explosion pretreatment was successiully applied on
a wide range of lignocellulosic biomasses with or without
chemical addition. Acetic acid, dilute sulfuric acid, or sulfur
dioxide are the most commonly used chemicals. In the auto-
hydrolysis process, no acid 1s added as the biomass has a
hemicellulose that 1s high 1n acetyl groups that are released to
form acetic acid during the steaming process. The degree of
acetylation of hemicelluloses varies among different sources
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of biomass. The pretreatment 1s not very effective 1 dissolv-
ing lignin, but 1t does disrupt the lignin structure and increases

the cellulose’s susceptibility to enzymatic hydrolysis.

The use of liquid ammonia 1nstead of dilute acid effectively
reduces the lignin fraction of the lignocellulosic matenals.
However, during ammonia fiber explosion pretreatment
(AFEX) a part of the phenolic fragments of lignin and other
cell wall extractives remain on the cellulosic surface. AFEX
pretreatment does not significantly solubilize hemicellulose
if compared to dilute-acid pretreatment. Consequently, hemi-
cellulose and cellulose fractions remain 1ntact and cannot be
separated 1n solid and liquid streams. Furthermore, ammonia
must be recycled atter the pretreatment 1n order to reduce cost
and protect the environment.

In the Organosolv process, lignocellulose 1s mixed with a
mixture of organic solvents and water and heated to dissolve
the lignin and part of the hemicellulose, leaving reactive
cellulose 1n the solid phase. A variety of organic solvents such
as alcohols, esters, ketones, glycols, organic acids, phenols,
and ethers have been used. For economic reasons, the use of
low-molecular-weight alcohols such as ethanol and methanol
has been favored. A drawback of the Organolsolv process 1s
the presence of hemicellulose with the lignin. An extensive
overview of prior art organosolv processes 1s given 1n “Orga-
nosolv pulping”—A review and distillation study related to
peroxyacid pulping”.

In the process patented by Paszner and Chang, lignocellu-
losic biomass 1s saccharified to convert pentosans and hex-
osans to sugars by cooking under pressure at from 180° C. to
220° C. with acetone water solvent mixture carrying from
0.05 to 0.25% by weight of acid. Whole woody matenal 1s
nearly dissolved by the process yielding mixed pentoses and
hexoses. Hence, delignified pulp i1s hydrolyzed to glucose
monomers that have to be recovered from the liquor.

The Alcell pulping process and further process develop-
ments have been applied with success on woody biomass. The
problem with these processes 1s that they result in combined
hemicellulose and lignin streams 1.e. black liquor that 1s hard
to separate afterwards. Lignin 1s precipitated from a black
liquor produced by pulping wood at high temperatures and
pressures with an aqueous lower aliphatic alcohol solvent 1.¢.
lignin 1s precipitated by diluting the black liquor with water
and an acid to form a solution with a pH of less than 3 and an
alcohol content of less than 30%.

Pretreatment of lignocellulosic biomass 1s projected to be
the single, most expensive processing step, representing,
about 20% of the total cost (635). In addition, the pretreatment
type and conditions will have an impact on all other major
operations 1n the overall conversion process from choice of
teedstock through to size reduction, hydrolysis, and fermen-
tation as well as on to product recovery, residue processing,
and co-product potential. A number of different pretreatments
involving biological, chemical, physical, and thermal
approaches have been investigated over the years, but only
those that employ chemicals currently offer the high yields
and low costs vital to economic success. Among the most
promising are pretreatments using a combination of dilute
acid- or sulfur dioxide-catalyzed steam explosion and low
molecular weight alcohols.

SUMMARY OF THE INVENTION

In order to address at least some disadvantages of the
known art, the inventors have now developed a novel continu-
ous two stage process. In the first stage steam heating takes
place with added acid 1f required followed by pressing, with
or without the presence of an eluent, to atford a hemicellulose
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fraction. In the second stage, acidic solvent extraction, wash-
ing and pressing provide a lignin rich stream and relatively
pure reactive cellulose.

In the process of the mvention, lignocelluosic biomass 1s
presteamed and removed of air typically with a compression
device then pretreated with high pressure steam, optionally
with the addition of acid catalysts. By carefully choosing the
temperature, time and catalyst content, a suificient hydrolysis
of hemicellulose 1s achieved, some high lignin biomass such
as poplar for example does not require any or very little acid
catalyst as 1t has suificient acetyl residues in the hemicellu-
lose. In the subsequent washing step, the pretreated biomass
1s pressed with or without addition of an eluent (e.g. water)
under pressure to separate the hydrolysed hemicellulose. This
extraction step also removes other water soluble or water
suspended degradation products that in addition to the
hydrolysed hemicelluloses which inhibit typical downstream
processes such as enzymatic hydrolysis and fermentation.
The hemicellulose 1s recovered and concentrated for value
added use. It has been discovered that the full removal of the
hemicellulose degradation and hydrolysis components 1s
unnecessary for cost effective hydrolysis and fermentation
and 1n fact complete removal 1s counterproductive for com-
mercial process, they have found a practical range of 4% to
10% xylose as monomers and polymers 1n the final cellulose
stream suificient.

Following hemicellulose extraction, the biomass 1s then
contacted with a solvent, and optionally an acid catalyst,
cooked at an appropriate temperature and time to dissolve
about 80% or more of the lignin. The biomass 1s then washed
with a further application of solvent (e.g. ethanol), pressed
and then rapidly depressurized to a recovery system. Solvent
1s recycled. Purified cellulose 1s washed with eluent to recover
solvent. This cellulose fraction 1s now a valuable product, a)
as high value pure reactive cellulose and b) a cellulose which
1s highly reactive to enzymatic hydrolysis.

The mventors of the present application have now surpris-
ingly discovered that complete removal of lignin 1s neither
required nor desirable for the achievement of the most eco-
nomically viable pretreatment process for the purpose of
hydrolyzing the cellulose with enzymes. The mventors have
discovered a narrow range of extraction and lignin removal
conditions at which lignin and lignin degradation products
are still present, butreduced to a level where they have a much
reduced inhibitory effect on the enzymes. The lignin content
alter extraction 1s preferably 5% to 8%. The extraction 1s
achieved with the use of alower volume of eluent and level of
dilution and at equipment cost which requires suiliciently
lower additional extraction and compound removal cost to
render the process much more cost effective, practical and
commercially viable. In effect, the additional extraction cost
1s thereby sigmificantly less than the value of the increased
cthanol yield achieved.

Thereactive cellulose can be very effectively hydrolysed to
glucose with an enzyme catalyst. This glucose can then be
fermented to various high value products such as biofuel. A
typical biofuel produced through yeast fermentation would
be ethanol.

BRIEF DESCRIPTION OF THE DRAWING

FIG. 1 1s a schematic i1llustration of a process 1n accordance
with the invention.

DETAILED DESCRIPTION OF THE INVENTION

The process 1n accordance with the invention 1s a continu-
ous two stage process. In the first stage, heat treatment 1s
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carried out under acid-catalyzed conditions and followed by
pressing, with or without the presence of an eluent, to provide
a hemicellulose fraction. In the second stage, acidic solvent
extraction, washing and pressing provide a lignin rich stream
and relatively pure reactive cellulose. Acid catalyzed
hydrolysis of the hemicellulose can occur via autohydrolysis
or with added acid catalyst or any combination therof depend-
ing on the feedstock.

A preferred process of the invention includes the steps of
teed preparation, preheating, heating and catalyst addition,
pretreatment, washing, solvent addition, solvent extraction,
lignin removal, biomass recovery and ethanol recovery from
purified cellulose.

The following description 1s one embodiment the invention
1s capable of other embodiments
Step 1 Feed Preparation

Biomass 10 1s received, stored, cleaned and comminuted.
Biomass moisture may be adjusted to desired range of
30-60% at this stage.

Step 2 Preheating

Prepared biomass 1s preheated or presteamed with live
steam 20 at atmospheric pressure, in a preheating and condi-
tioming or holding bin 30 to a temperature of up to 100° C.,
and preferably 85° C. to 95° C. for 10 to 60 minutes. The
preheating 1s carried out to remove air and adjust a moisture
content of the lignocellulosic biomass to between 30% and
60%. Steam and/or hot water are added. Air 1s vented from the
bin 30 through an air vent 35.

Step 3 Heating and Catalyst Addition

Heated biomass 1s compressed in a modular screw device
40 to remove air through an air vent 50. Fatty acids, resins,
esters or other compounds may exit the MSD device at this
point (not shown on the diagram). The biomass 1s then fed
into a pressurized upilow tube 70. The uptlow tube 70 15 s1zed
to provide a 2 to 15 minutes holdup time. The dry matter
content of the biomass varies from 30% to 50% prior to the
addition of steam and catalyst if required.

The biomass 1s further heated in the up tlow tube 70 to a
pretreatment temperature of 150° C. to 200° C. by direct
stecam 1njection 60 or by indirect steam 61 in a jacketed
section of the up tlow tube.

If required, mineral acids or acid gases 65 are blended with
the biomass, 1n an amount of O to 5% of the dry mass of the
biomass, to catalyze the removal of hemicellulose and to
activate the cellulose. The addition of acid 65 1s made through
a set of one or more nozzles along the length of the up flow
tube.

The treated biomass moves through the up flow tube with
the aid of a screw conveyor/mixer and 1s discharged into the
pretreatment reactor 80.

Step 4 Pretreatment

The preheated and acidified biomass 1s discharged from the
uptlow tube 70 into the pretreatment reactor 80. The pretreat-
ment reactor 1s sized to allow a residence time of up to two
hours.

The pretreated biomass 1s continuously discharged from
the pretreatment reactor to a second pressurized modular
screw device 100.

Step 5 Washing Stage

Pressurized biomass, still at the pressure of the pretreat-
ment reactor 1s mixed with wash water 90 as 1t exits the
pretreatment reactor 80. The water 90 1s pressed from the
biomass as 1t passes through the modular screw device 100,
still under pressure. The term modular screw device
or/counter-current washer device 1s intended to describe 1n
general a machine that uses pressing or other means to sepa-
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contemplated that the separation of solid from liquid and/or
air from solid can be accomplished with various different
types of machines which are suitable to carry out this func-
tion. Further water 90 may also be added along the pressing
device 100 to achieve a greater extraction of Hemicellulose
110. The temperature of the wash water may vary from ambi-
ent temperature to 100° C. or higher to meet pressure require-
ments. In this washing stage a large fraction of the hemicel-
lulose 110 1s removed. The hemicellulose removal efficiency
may vary from 50% to 90% or greater. In a preferred embodi-
ment the hemicellulose 1s removed such that the remaining
xylan and xylose measured as xylose 1n the de-lignified cel-
lulose 1s between 4% to 10% most preferably 6%+/-1%.
Step 6 Solvent Addition

The dry matter content of the biomass 1s about 30% to 60%
prior to solvent addition and steam 1njection.

After washing and pressing, pretreated pressurized biom-
ass at a temperature o1 30° C. to 100° C. or higher 1s fed from
the modular screw device 100 1nto a second uptlow tube 140
equipped with a screw conveyor/mixer. In the second uptlow
tube 140, the biomass 1s reheated with a combination of
indirect steam 116 or direct steam 1135 to a temperature of
180° C. to 200° C. The residence time 1n the second uptlow
tube 140 may vary from 5 to 15 minutes. The pressure of the
second uptlow tube 140 depends on the type of solvent used
and the composition of the solvent. A solvent 130 such as
cthanol 1s 1njected into the second uptlow tube 140 under
pressure through or more nozzles and blended with the bio-
mass as 1t passes through the second upflow tube 140. A
solvent 130 such as 40% to 60% ethanol in water 1s injected 1n
the second uptlow tube 140. The ratio of solvent to dry matter
biomass 1s 2:1 to 10:1. Mineral acids 120 or other suitable
acid catalysts may also be added to the second uptlow tube
140 to assist 1n the hydrolysis and dissolution of lignin from
the biomass. The pretreated biomass 1s blended with the sol-
vent 130 and catalyst and 1s discharged from the second
uptlow tube 140 1nto a solvent extraction reactor 150.

Step 7 Solvent Extraction

The solvent extraction reactor 150 1s designed to have a
retention time of 15 minutes to 2 hours.

During the solvent extraction stage, about 80% to 90% of
the lignin 1s dissolved and enters the solvent phase.

At the outlet of the extraction reactor, an amount of solvent
1s added to help wash the biomass from the reactor and to
prepare the biomass for lignin separation i Step 7. The sol-
vent and biomass 1s discharged from the reactor under pres-
sure to a modular screw/counter current washer 160.

Step 8 Lignin Removal

The diluted biomass 1s pressed and extracted with solvent
wash 170 in the modular screw/counter current washer 160 or
something similar to achieve the same. About 95% to 99% of
the solubilised lignin 1s removed from the biomass, along
with some residual hemicellulose, extractives and other com-
ponents. The wash stream 1s sent to the solvent recovery
process 180. Preferably, evaporating/recovering just enough
cthanol to avoid ligmin precipitation, followed by a rapid
decompression/drop 1n temperature through a spray drver,
leads to lignin precipitation and recovery (solid phase) and
recovery of the remaining ethanol (flashed off/vapor phase).
Preferably, the resulting washed biomass has a cellulose con-
tent of 75% to 95%, and more preferably about 80%.

Step 9 Biomass Recovery

The pressurized, washed biomass 1s flashed into a cyclone
190. Solvent vapors 200 are recovered from the cyclone.
Purified cellulose 240 with low levels of residual solvent and
lignin can be sent to the hydrolysis and fermentation stages.
Step 10 Ethanol Recovery from Purnified Cellulose
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The purified cellulose at atmospheric pressure 1s washed 1in
a modular screw/counter current washer 210 with wash water
220 to remove and recover the solvent 230 remaiming in the
solid phase to provide a pure solvent free cellulose product.
Preferably, the cellulose product has only 5% to 8% lignin
remaining.
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What is claimed 1s:
1. A process for producing reactive cellulose from ligno-
cellulosic biomass having a hemicellulose content and a lig-
nin content, comprising the steps of:
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(a) pretreating the lignocellulosic biomass under pressure
with steam and solvent to obtain pressurized solvent
washed biomass by
(al) maintaining the lignocellulosic biomass at a pres-

sure equivalent to a saturated steam pressure at a first
preselected temperature of 150° C. to 200° C. until a
preselected degree of hemicellulose hydrolysis 1is
achieved;

(a2) pressing the pretreated biomass while under pres-
sure to remove 80% to 90% of the hemicellulose
hydrolyzate to obtain pretreated extracted biomass;

(a3) contacting the pretreated extracted biomass while
under pressure and at 180° C. to 200° C. with a solvent
to hydrolyze and dissolve lignin in the pretreated
extracted biomass;

(a4) maintaining the pretreated extracted biomass in
contact with the solvent for a selected period of time
to obtain solvent treated biomass;

(a5) pressing the solvent treated biomass using a modu-
lar screw device while under pressure for removing
solvent and dissolved lignin; and

(a6) washing the pressed solvent treated biomass under
pressure by adding additional solvent to said modular
screw device to remove additional lignin from the
pretreated biomass mixture and further pressing the
pretreated biomass mixture to obtain a pressurized
solvent washed biomass;

(b) generating a purified cellulose stream and a vapour
stream by flashing the pressurized solvent washed bio-
mass 1nto a separator to subject the pressurized solvent
washed biomass to explosive decompression and subse-
quent separation into the purified cellulose stream and
the vapour stream; and

(¢) collecting the purified cellulose stream and recovering
the solvent 1n the vapor stream.

2. The process of claim 1, wherein an acid catalyst 1s added
to the lignocellulosic biomass during the step of maintaining
the lignocellulosic biomass under pressure.

3. The process of claim 1, wherein an eluent 1s added to the
pretreated biomass during the step of pressing the pretreated
biomass.

4. The process of claim 1, wherein an acid catalyst 1s
contacted with the pretreated extracted biomass and main-
tained for the selected period of time.

5. The process of claim 1, further comprising: (a7) adding
a second stream of solvent to the pressed solvent treated
biomass 1n said modular screw device, and pressing the sol-
vent treated biomass under pressure for removing solvent and
dissolved lignin to obtain a biomass with a cellulose content
of 75% to 95%, and to recover the solvent.

6. The process of claim 3, wherein the cellulose content 1s
about 80%.

7. The process of claim 1, wherein the separator 1s a
cyclone separator and the stream of cellulose 1s washed with
water to remove and collect additional solvent.

8. The process of claim 1, wherein the purified cellulose
stream 1s washed with water for additional purification of the
cellulose stream and additional solvent recovery.

9. The process of claim 1, wherein the solvent 1s selected
from the group consisting of alcohol, ketones and triethylene
glycol.

10. The process of claim 9, wherein the alcohol 1s metha-
nol, ethanol, or butanol.

11. The process of claim 1, wherein the first preselected
temperature 1s 160° C. to 180° C.

12. The process of claim 1, wherein an 1nitial step of steam
preheating 1s carried out prior to pretreating the lignocellu-
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losic biomass, the preheating 1s carried out at a preselected
temperature of up to 100° C. for a period of 10 to 60 minutes
to remove air and adjust a moisture content of the lignocel-
lulosic biomass to between 30% and 60%.

13. The process of claim 4, wherein the acid catalyst 1s up
to 5% of the dry mass of the pretreated extracted biomass.

14. The process of claim 13, wherein the acid catalyst 1s
sulfuric acid.

15. The process of claim 3, wherein the eluent 1s a solution
including water.

16. The process of claim 1, wherein the solvent 1s added 1n
a ratio of 2:1 up to 10:1 compared to a solid content of the
pretreated extracted biomass.

17. The process of claim 16, wherein the ratio 1s 4:1 up to
7:1.

10

18. The process of claim 1, wherein the selected period of 13

time 1s 20 minutes to 2 hours.
19. The process of claim 1, wherein the step of pressing the
pretreated biomass 1s controlled such that the purified cellu-

12

lose stream has between 4% to 10% xylose sugar content as
monomer or polymers thereof.

20. The process of claim 1, wherein the step of pressing the
pretreated biomass 1s controlled such that the purified cellu-
lose stream has between 6%+/—1% xylose sugar content as
monomer or polymers thereof.

21. The process of claim 1, wherein the step of solvent
extraction and washing the pretreated biomass mixture is
controlled to achieve a lignin content of 5% to 8% 1n the
purified cellulose stream.

22. The process of claim 18, wherein the step of solvent
extraction and washing the pretreated biomass mixture is
controlled to achieve a lignin content of 3% to 8% 1n the
purified cellulose stream.

23. The process of claim 2, wherein the acid catalyst 1s up
to 5% of the dry mass of the lignocellulosic biomass.
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